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Abstract 
 
 The minerals mimetite Pb5(AsO4)3Cl , arsenian pyromorphite 
Pb5(PO4,AsO4)3Cl  and hedyphane Pb3Ca2(AsO4)3Cl  have been studied by Raman 
spectroscopy complimented with infrared spectroscopy.   Mimetite is characterised  
by a band at 812-3 cm-1 attributed to the Ag mode. For the arsenian pyromorphite this 
band is observed at 818 cm-1 and for hedyphane at 819 cm-1. For mimetite and 
hedyphane  bands at 788 and 765 cm-1 are attributed to Au and E1u vibrational modes 
and are both Raman and infrared active.  For the arsenian pyromorphite, Raman bands 
at 917 to 1014 cm-1 are attributed to phosphate stretching vibrations. Raman 
spectroscopy clearly identifies bands attributable to isomorphous substitution of 
arsenate by phosphate. The observation of low intensity bands in the 3200 to 3550 cm-
1 region are assigned to adsorbed water and OH units, thus indicating some 
replacement of chloride ions with hydroxyl ions. 
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Introduction 
 
 Mimetite lead chloroarsenate Pb5(AsO4)3Cl was named in 1835 from the 
Greek mimethes, meaning "imitator" because of its resemblance to pyromorphite 
Pb5(PO4)3Cl.  Mimetite is a secondary mineral of lead formed through mineralisation 
of the ore bodies. It is formed by the oxidation of galena and arsenopyrite. The 
mineral consists of small hexagonal crystals with colours ranging from pale yellow to 
yellowish-brown to orangish-yellow to orangish-red, white and colourless.  Studies of 
the mimetite-pyromorphite series has been undertaken for nearly 100 years [1-3].  
Mimetite has an apatite structure and forms solid solutions with pyromorphite and 
vanadinite [4-6]. Most crystals of mimetite-pyromorphite system are chemically 
zoned.  Recently, the chemical variability in hedyphane was also reported in the 
journal American Mineralogist [7].  Although the crystal system of mimetite is known 
as a hexagonal (space group P63/m), mimetite has a dimorphic relationship with 
clinomimetite [8], which is a monoclinic system (space group P21/m). The phase 
transition between hexagonal system and monoclinic system shifts O(3) atom position 
in the crystal structure of mimetite [9, 10]. 
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Early investigations of the vibrational spectra of apatites including vanadinite 
were limited to mid-IR studies.  Some early Raman studies of calcium apatites led to 
some questionable interpretations. Much work has been undertaken on the apatite-
type minerals including mimetite, pyromorphite and vanadinite, containing the V 
group elements, namely As, P and V.  In the apatite structure, isomorphous 
substitution can occur with replacement of F- by Cl- and also by OH groups, as in the 
case for selected mimetites and pyromorphites.  The As(V) is replaceable by P(V) or 
V(V) and the Pb(II) is replaceable by for example Ca(II).  Ross reported the infrared 
and Raman spectra of the free AsO43- ion [11].  The ν1 band was observed at 810 cm-
1; ν2 at 342 cm-1; ν3 at 810 cm-1 and ν4 at 398 cm-1.  Ross also reported the ν3 modes 
of vanadinites at 800 and 736 cm-1 and the ν4 modes around 419, 380 and 322 cm-1.  
In the work mentioned by Ross the position of the ν1 and ν2 vibrations were not 
reported.  Gadsen also reported the infrared spectrum of the mimetite [12]. The ν3 
mode is reported as lying between 700 to 900 cm-1 and the ν4 mode between 300 and 
410 cm-1.  The ν1 mode, which was not observed in the infrared spectrum as the 
vibration is inactive, was suggested to be at around 870 cm-1.  Griffith reported the 
Raman spectra of mimetite [13].  Levitt and Condrate reported the infrared and 
Raman spectra of lead apatite powdered minerals [6]. They reported the ν2 bands for 
mimetites at 341 and 314 cm-1 [6, 14-16].  Single crystal Raman spectra of a mimetite 
at 298K have been reported [17]. Some arsenates as for sulphates have their symmetry 
reduced through acting as monodentate and bidentate ligands.  In the case of bidentate 
behaviour both bridging and chelating ligands are known.  This reduction in 
symmetry is observed by the splitting of the ν3 and ν4 in infrared spectra into two 
components under C3v symmetry and into 3 components under C2v symmetry. Single 
crystal spectra of mimetite were reported [18]. In this paper, the ν1 band for mimetite 
was observed at 816 cm-1, the ν3 at 809 and 787 cm-1, the ν2 at 414, 390 and 335 cm-1 
and ν4 at 424, 373 and 314 cm-1.   
 
In this work we have obtained Raman and infrared spectra of selected 
mimetites, arsenianpyromorphite and hedyphane and related the spectra to the 
structure of the minerals. 
 
 
Experimental 
 
 
Minerals 
 
The minerals used in this work, their formula and origin are listed in Table 1. 
The composition of the minerals was checked by X-ray diffraction and the chemical 
composition by EDX measurements.   
 
Raman spectroscopy 
 
The crystals of mimetite were placed and oriented on the stage of an Olympus 
BHSM microscope, equipped with 10x and 50x objectives and part of a Renishaw 
1000 Raman microscope system, which also includes a monochromator, a filter 
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system and a Charge Coupled Device (CCD). Raman spectra were excited by a HeNe 
laser (633 nm) at a resolution of 2 cm-1 in the range between 100 and 4000  
cm-1.  Repeated acquisition using the highest magnification was accumulated to 
improve the signal to noise ratio. Spectra were calibrated using the 520.5 cm-1 line of 
a silicon wafer. In order to ensure that the correct spectra are obtained, the incident 
excitation radiation was scrambled.  Raman spectra of mimetite and related arsenate 
minerals have been collected using a very low powered HeNe laser as the excitation 
radiation. The beam was slightly defocused to prevent the destruction of the samples 
due to self-absorption of the incident beam and consequential damage to the mineral.   
 
Previous studies by the authors provide more details of the experimental 
technique. Spectra at liquid nitrogen temperature were obtained using a Linkam 
thermal stage (Scientific Instruments Ltd, Waterfield, Surrey, England).  Details of the 
technique have been published by the authors [19-22]. 
 
 
Mid-IR spectroscopy 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer with a 
smart endurance single bounce diamond ATR cell. Spectra over the 4000−525 cm-1 
range were obtained by the co-addition of 64 scans with a resolution of 4 cm-1 and a 
mirror velocity of 0.6329 cm/s. Spectra were co-added to improve the signal to noise 
ratio. 
      Spectral manipulation such as baseline adjustment, smoothing and normalisation 
were performed using the Spectracalc software package GRAMS (Galactic Industries 
Corporation, NH, USA). Band component analysis was undertaken using the Jandel 
‘Peakfit’ software package which enabled the type of fitting function to be selected 
and allows specific parameters to be fixed or varied accordingly. Band fitting was 
done using a Lorentz-Gauss cross-product function with the minimum number of 
component bands used for the fitting process. The Gauss-Lorentz ratio was 
maintained at values greater than 0.7 and fitting was undertaken until reproducible 
results were obtained with squared correlations of r2 greater than 0.995.  
 
 
Results and discussion 
 
EDX analyses 
 
 The predicted molecular masses of mimetite, wulfenite and lead oxide are 
given in Table 2. A comparison of the average of three measurements is shown.  
Sample 1 seems to have an analysis close to mimetite. Sample 2 is not pure and may 
contain some wulfenite. Sample 3 is apparently a mixture of mimetite and lead oxide.   
 
 The XRD patterns of the mimetite show that the mimetite is hexagonal, and as 
the phosphate increased the structure changed to monoclinic.  Most crystals in the 
mimetite, pyromorphite series are dimorphic and the crystals show zoning.  
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Raman spectroscopy 
 
High wavenumber region 
 The Raman spectra of selected mimetites and hedyphane in the 700 to 1050 
cm-1 region are shown in Figure 1. The results of the band component analysis of the 
Raman spectra are reported in Table 3. The Raman spectra of mimetite 1 and 3 show a 
strong band at 812-3 cm-1. The band is attributed to the Ag mode of mimetite. For the 
arsenian pyromorphite the band is observed at 818 cm-1 and for hedyphane at 819  
cm-1. The mode was assigned by Adams and Gardiner to both the Ag and E2g modes 
[17]. The spectrum of mimetite 2 is not that of mimetite but a mixture of minerals. It 
is probably related to the dimorphic nature of the mimetite-pyromorphite series. A 
second band is resolved at 806 cm-1 for mimetite 1 sample and 801 cm-1 for mimetite 
3.  Adams and Gardiner reported a band at 808 cm-1 for a mimetite from Wheal Alfred 
Cornwall, England. For hedyphane other bands are observed on the higher 
wavenumber side at 834 and 848 cm-1.  In the Raman spectra a low intensity band is 
observed at around 765 cm-1 which Adams and Gardiner also assigned to the AsO4 
stretching vibration. For mimetite 1 sample two bands are observed at 788 and 765 
cm-1. Similarly for hedyphane two bands are found at 787 and 770 cm-1. Bands in 
these positions are intense in the infrared spectra and are ascribed to Au and E1u 
vibrational modes.   
 
The Raman spectrum of mimetite 3 sample shows a low intensity band at 919 
cm-1 which is ascribed to the PO symmetric stretching mode of phosphate anions in 
the mimetite structure.  For the arsenian pyromorphite, a series of bands in the 917 to 
1014 cm-1 are attributed to phosphate stretching vibrations. The bands at 917 and 920 
cm-1 of the arsenian pyromorphite are attributed to the phosphate PO ν1 stretching 
vibrations.  Adams and Gardiner observed bands for pyromorphite at 920 and 919  
cm-1 and assigned these bands to Ag and E2g vibrational modes. These authors also 
stated that bands in these positions could be attributable to both ν1 and ν3 modes.  
 
 The infrared spectra of the mimetites, arsenian pyromorphite and hedyphane 
are shown in Figure 2. All three mimetites show a broad spectral profile in the 500 to 
850 cm-1 region.  Infrared bands for the mimetite 1 and 2 samples are observed at 
around 812, 774 and 752 cm-1 and are attributed to (AsO4)3- stretching vibrations. 
Farmer published the results of the infrared spectra for mimetite at 810 and 875 cm-1 
which are in good agreement with these results [23]. The infrared spectrum of 
mimetite-3 shows a series of infrared bands in the 900 to 1095 cm-1 region. These 
bands are attributed to (PO4)3- stretching vibrations. This mimetite has substitution of 
the phosphate anion for arsenate. The spectrum of this mimetite closely resembles that 
of the arsenian pyromorphite. The infrared spectrum of this mineral shows bands at 
799 and 781 cm-1 which are assigned to the (AsO4)3- stretching vibrations.  Farmer 
published the results of the infrared spectrum of pyromorphite [23] and stated that the 
ν1 band occurred at 920 cm-1 and the ν3 bands at 970 and 1030 cm-1.   The infrared 
spectrum of hedyphane shows intense bands at 827 and 795 cm-1 attributed to 
(AsO4)3- stretching vibrations.  Some low intensity bands at 904 and 1051 cm-1 are 
observed and these bands may be ascribed to (PO4)3- stretching vibrations. Thus this is 
evidence for the replacement of the arsenate anion by phosphate in this mineral.  
 
Low wavenumber region 
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 The Raman spectra of the low wavenumber region are shown in Figure 3.  The 
spectra of the mimetite minerals are complex and many bands are observed. One way 
of addressing this complexity is to divide the spectra into sections (a) 400 to 450 cm-1 
(b) 300 to 400 cm-1 and (c) less than 300 cm-1.  Regions (a) and (b) may be assigned 
to (AsO4)3- bending modes; region (c) is best described as lattice vibrations.   Four 
bands at 422, 408, 385 and 371 cm-1 are observed for mimetite sample 1. For mimetite 
sample 3 four bands are found at 425, 411, 388 and 371 cm-1.  These four bands are 
assigned to arsenate ν4 bending modes. For the arsenian pyromorphite four bands are 
observed at 433, 414, 409, and 391 cm-1. These bands may be ascribed to both 
(AsO4)3- and (PO4)3- bending modes. For the mineral hedyphane four bands are 
observed at 452, 432, 394 and 372 cm-1. The effect of isomorphic substitution of Pb 
by Ca shifted the band positions by approximately 30 cm-1 when compared with 
mimetite. This effect could be due to zoning of the hedyphane in which the structure 
of the hedyphane alters from hexagonal to monoclinic. Further the effect of shielding 
of the arsenate anions by Ca instead of Pb results in a shift of 15 to 20 cm-1 for the 
arsenate bands.  For mimetite sample 1 two bands are observed at 340 and 313 cm-1; 
for mimetite sample 3 339 and 313 cm-1; for arsenian pyromorphite 339 and 318 cm-1; 
and for hedyphane 349 and 319 cm-1. These bands are attributed to the ν2 bending 
modes.  The two bands at 348 and 316 cm-1 for mimetite 2 are also assignable to this 
mode.  Adams and Gardiner observed Raman bands for mimetite at 335 and 314 cm-1 
and assigned these bands to O-As-O bending modes [17].  
 
 
OH stretching region 
 
 The Raman spectra of mimetite, arsenian pyromorphite and hedyphane are 
shown in Figure 4. The results of the Raman spectra are reported in Table 2. The 
Raman spectra of mimetite shows a series of overlapping bands which are partially 
resolved into bands at 3716, 3548, 3420 3381 3344 and 3266 cm-1. The observation of 
hydroxyl stretching bands is interesting in itself as according to the formula of 
mimetite Pb5(AsO4)3Cl there should be no OH bands observed at all. The observation 
of OH bands means that there is some isomorphic replacement of the Cl with OH 
units. Another explanation is that the lower wavenumber bands are ascribed to 
adsorbed water.  The Raman spectrum in the OH stretching region of the arsenian 
pyromorphite also shows Raman bands at 3378, 3325 and 3256 cm-1.  The Raman 
spectrum in the OH stretching region of hedyphane Pb3Ca2(AsO4)3Cl shows a band at 
around 3400 cm-1 superimposed upon a broad background.   This suggests that there is 
some isomorphic replacement of the Cl units for OH units.  
 
Studies have shown a strong correlation between OH stretching frequencies 
and both O…O bond distances and H…O hydrogen bond distances [24-27].  
Libowitzky (1999) showed that a regression function can be employed relating the 
above correlations with regression coefficients better than 0.96 [28].  The function is 
ν1 = 3592-304x109exp(-d(O-O)/0.1321) cm-1. What this means is that the variation in 
the water hydroxyl stretching frequency is a measure of the hydrogen bond strength 
between the OH unit of the water and the arsenate or phosphate anion.  If the band 
positions of the OH stretching vibrations are used in the calculations then estimates of 
the hydrogen bond distances can be made. For the band at 3400 cm-1 for hedyphane a 
hydrogen bond distance of 2.80 Å is calculated, for arsenian pyromorphite the bands 
at 3256, 3325 and 3378  cm-1 give hydrogen bond distances of 2.72, 2.75 and 2.78 Å; 
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for mimetite hydrogen bond distances of 2.72 Å (3266 cm-1), 2.76 Å (3304 cm-1), 2.78 
Å (3381 cm-1) and 2.99 Å (3548 cm-1). The hydrogen bond distances are of the same 
order of magnitude for each of the mimetites and vary between 2.72 to 2.99 Å.  It is 
possible that some substitution of OH units for Cl in the mimetite structure is required 
for stability.  
 
Infrared bands are observed at around 628 cm-1 for mimetite 1, 675 for 
mimetite 2, in the 590 to 619 cm-1 region for mimetite 3.  These bands are attributed 
to OH librational modes and although not of a high intensity confirm the presence of 
OH units in the mimetite structure and thus confirms the replacement of Cl by OH 
units.   
 
 
Conclusions 
 
 A comparison of Raman spectra of mimetites with published infrared and 
Raman data of similar minerals has been made.  Crystals of the mimetite-
pyromorphite series are chemically zoned, resulting in changes in the crystal structure 
with the isomorphic replacement of arsenate by phosphate with the consequential 
change in crystal structure from hexagonal to monoclinic. Such dimorphic 
relationships are exemplified by the shift in the Raman spectral band positions of 
arsenate with increasing phosphate substitution.  
 
 This work clearly demonstrates the power of Raman spectroscopy as 
compared to infrared spectroscopy in determining the vibrational spectrum of these 
arsenates with an apatite structure.  Isomorphous substitution of arsenate by phosphate 
in the case of mimetite and the substitution of phosphate by arsenate in the case of the 
arsenian pyromorphite are clearly identified. Further the replacement of Cl with OH 
units is also observed in the Oh stretching region of the Raman spectra and the 
librational region of the infrared spectra. The application of Raman microscopy to the 
study of closely related mineral phases has enabled their molecular characterisation 
using their Raman spectrum thus enabling the rapid identification of phases in 
complex mixtures of secondary lead containing arsenates from the oxidized zones of 
base metal ore bodies.  
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Figure 1 Raman spectra of mimetite, arsenian pyromorphite and hedyphane in the 
high wavenumber region. 
 
Figure 2 Infrared spectra of mimetite, arsenian pyromorphite and hedyphane in high 
wavenumber region.  
 
Figure 3 Raman spectra of mimetite, arsenian pyromorphite and hedyphane in the low 
wavenumber region. 
 
Figure 4 Raman spectra of mimetite, arsenian pyromorphite and hedyphane in the OH 
stretching  region.   
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pyromorphite and hedyph
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Code Mineral Formula Origin 
Mime 
1 Mimetite Pb5(AsO4)3Cl Tsumeb, Namibia 
Mime 
2 Mimetite Pb5(AsO4)3Cl 
Geronimo Mine, Yuma Co., 
Arizona, USA 
Mime 
3 Mimetite Pb5(AsO4)3Cl Mount Bonnie Mine, NT 
Pyro 8 
Arsenian 
Pyromorphite Pb5(PO4,AsO4)3Cl 
Bunker Hill Mine, Kellogg, Idaho, 
USA 
Hedy 1 Hedyphane Pb3Ca2(AsO4)3Cl Puttapa Mine, Beltana, SA 
 
 
 
Table 1 Table of the minerals, their origin and formula 
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Sample Spectrum O* Al S Cl As Pb Mo 
         
Mimetite Predicted from formula 12.90 - - 2.38 15.10 69.61 - 
Pb5(AsO4)3.Cl         
Wulfenite Predicted from formula 17.43 - - - - 56.44 26.13 
Pb(MoO4)         
Lead oxide (PbO) Predicted from formula 7.17 - - - - 92.83 - 
         
         
Sample 1 Mimetite1 15.36 1.36 0.00 2.32 14.64 66.32 - 
 Mimetite1b 13.77 0.63 0.00 2.61 14.84 68.14 - 
 Mimetite1c 12.12 0.96 0.00 2.85 12.78 71.29 - 
 Average 13.75 0.98 0.00 2.59 14.09 68.58 - 
 Conversion to At% 0.86 0.04 0.00 0.07 0.19 0.33 - 
 Divided by At% of Pb 2.60 0.11 0.00 0.22 0.57 1.00 - 
  multiply by 5  --> Atomic ratios relative to Pb 12.98 0.55 0.00 1.11 2.84 5.00 - 
         
Sample 2 Mimetite2 8.74 0.68 1.84 0.00 0.20 67.18 21.36 
 Mimetite2b 12.55 0.57 1.16 0.00 0.20 63.81 21.71 
 Mimetite2c 12.66 0.56 0.18 0.00 0.48 62.69 23.44 
 Average 11.32 0.60 1.06 0.00 0.29 64.56 22.17 
 Conversion to At% 0.71 0.02 0.03 0.00 0.004 0.31 0.23 
 Divided by At% of Pb 2.27 0.07 0.11 0.00 0.01 1.00 0.74 
  multiply by 5  --> Atomic ratios relative to Pb 11.35 0.36 0.53 0.00 0.06 5.00 3.71 
         
Sample 3 Mimetite3 6.12 0.68 0.00 2.30 15.20 75.70 0.00 
 Mimetite3b 6.27 0.86 0.00 2.53 10.63 79.71 0.00 
 Mimetite3black 7.48 10.94 0.00 2.05 10.91 68.62 0.00 
 Average 6.62 4.16 0.00 2.29 12.25 74.68 0.00 
 Conversion to At% 0.41 0.15 0.00 0.06 0.16 0.36 0.00 
 Divided by At% of Pb 1.15 0.43 0.00 0.18 0.45 1.00 0.00 
 13
  multiply by 5  --> Atomic ratios relative to Pb 5.74 2.14 0.00 0.90 2.27 5.00 0.00 
         
Sample 2 appears to contain some wulfenite & possibly some oxide, very low in mimetite (Arsenic low).    
Sample 3  especially mimetite3b may be a mixture of mimetite and oxide (Again arsenic low, and lead higher).   
Sample called mimetite3black is unusually high in Al        
 14
 
Table 2 EDX analyses of the mimetites
 15
 
Mimetite 1 Mimetite 2 Mimetite 3 Hedyphane Arsenian Pyromorphite 
Centre FWHM % Centre FWHM % Centre FWHM % Centre FWHM % Centre FWHM % 
               
3716 102.3 0.37       3659 136.0 1.03    
3548 171.9 1.51       3563 139.6 1.73    
         3458 122.8 3.78 3444 123.7 1.93 
3420 69.0 2.44       3409 62.7 2.26    
3381 44.0 1.46       3389 44.8 1.67 3378 68.7 3.71 
3344 51.4 0.91       3352 51.6 1.52 3325 56.0 2.62 
3301 25.2 0.25       3304 65.3 2.55 3291 16.9 0.09 
3266 113.5 2.14       3258 7.0 0.07 3256 71.6 0.84 
         3235 60.8 0.52    
            1014 42.8 5.09 
            979 23.9 2.04 
            944 33.4 8.34 
      943 16.3 0.99    943 13.2 6.55 
      919 9.9 5.44    920 9.8 5.47 
   870 7.1 29.03       917 9.3 8.59 
   867 6.8 16.54       825 44.4 5.15 
   860 15.3 5.02          
   854 66.3 8.73    848 23.3 3.75    
      837 24.5 2.29 834 13.3 3.53    
813 12.8 40.29    812 10.6 40.59 819 13.6 34.19 818 8.1 7.53 
806 8.6 16.85    801 39.9 21.03 811 81.4 10.98 815 8.9 15.98 
788 21.1 6.85 776 52.4 5.42 770 11.0 2.36 787 15.2 6.28 776 27.7 4.25 
   767 7.7 5.53    770 15.7 4.46 768 24.8 -2.53 
765 13.7 5.92 765 8.7 4.94          
            573 12.6 0.45 
 16
            549 18.4 0.56 
         452 17.8 2.14    
422 21.4 2.05    425 14.2 0.78 432 26.4 1.67 433 22.6 0.60 
      411 20.3 2.08    414 17.1 2.14 
408 14.7 1.24          409 13.1 1.94 
         394 26.0 0.76 391 13.1 2.20 
385 27.6 1.21    388 21.4 2.78 394 11.9 0.66 388 14.1 0.50 
371 11.7 1.12    371 12.5 1.23 372 25.5 2.48 377 23.9 1.15 
359 15.1 0.64 348 6.8 2.00    349 20.6 3.93 344 34.3 1.13 
340 21.3 4.91    339 25.4 6.78 334 15.6 0.73 339 26.2 1.94 
313 18.0 6.10 316 10.5 19.5 313 17.2 2.68 319 17.3 5.85 318 22.2 1.99 
         201 24.4 0.68 206 39.8 1.21 
      194 44.8 1.98 192 12.9 0.16 186 23.7 1.30 
176 37.0 3.34    175 32.4 2.18 177 21.7 0.89 177 24.3 2.91 
   167 14.3 3.3    162 20.8 0.77    
      150 21.1 1.90 151 18.5 0.64 152 29.5 3.17 
145 15.3 0.38       141 13.1 0.33    
            111 11.7 0.60 
      105 9.5 2.08    105 7.1 0.57 
      98 0.0 2.81       
 
 
Table 3  Results of the Raman spectral analysis of mimetite, arsenian pyromorphite and hedyphane
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Figure 4 
 
